Background: The NUT midline carcinoma (NMC) is a rare but fatal cancer for which systematic testing of therapy options has never been performed.
The NUT midline carcinomas (NMCs) are rare and extremely aggressive tumours arising in the midline organs and typified by the translocation t(15;19)(q14;p13.1), which results in a fusion of the BRD4 (bromodomain-containing protein 4) and NUT genes (nuclear protein in testis, otherwise known as C15orf55) (French, 2012; Grayson et al, 2013) . Variant NMCs have also been reported whereby NUT is fused to another bromodomain-containing gene, BRD3, or an unknown partner gene (French et al, 2008) . First reported in 1991 (Kees et al, 1991; Kubonishi et al, 1991) and originally thought to be a childhood disease, these carcinomas have now been identified in patients ranging from newborn to 78 years of age (French, 2010 (French, , 2012 Shehata et al, 2010) . NUT midline carcinoma is often misdiagnosed since it is rare, lacks distinct histological features, and is not confined to a particular organ, but increased awareness and the development of an immunohistochemical test to detect aberrant expression of the NUT protein (Haack et al, 2009 ) has resulted in the number of reported cases steadily rising (Bauer et al, 2012; French, 2012) . However both the rarity of the disease and its voracity, with median survival o7 months (Bauer et al, 2012) , mean that treatment approaches to date have essentially been adapted, without systematic assessment, from those used to treat other types of solid tumour. On the basis of the involvement of the BRD4 gene in NMC, the newly developed class of bromodomain inhibitors have recently entered clinical trial for this disease (Mirguet et al, 2013) but the results will not be known for some time. Only one survivor of the disease has been reported (Mertens et al, 2007) and a better understanding of alternative treatment options is thus imperative (Bauer et al, 2012) .
Flavopiridol (FP, Alvocidib) is a compound originally derived from the bark of an Indian mahogany tree in the 1980s. It has a range of pleiotropic effects that may contribute to its anticancer properties (Newcomb, 2004; Mahoney et al, 2012) , but its primary action is thought to be an inhibitor of cyclin-dependent kinases, particularly CDK9 (Blagosklonny, 2004; Parry et al, 2010) . Although having had limited success as a single agent in a wide range of early clinical trials (Senderowicz et al, 1998; Thomas et al, 2002; Newcomb, 2004; Whitlock et al, 2005) , alternative schedules designed to increase plasma levels have met with much greater success in phase I/II trials of both leukaemias (Lin et al, 2009; Karp et al, 2011; Bose et al, 2012; Karp et al, 2012) and solid tumours (Shah et al, 2005; Rathkopf et al, 2009; Bible et al, 2012; Luke et al, 2012) . Notably, BRD4, the gene most commonly translocated to NUT in NMC, is one of several proteins that operate in a complex with CDK9 to regulate transcriptional activation within the cell (Jang et al, 2005; Dow et al, 2010; Schroder et al, 2012) , suggesting that targeting this pathway with FP may be an effective therapeutic strategy in NMC. The aim of this study was therefore to compare the efficacy of FP in NMC with that of established and novel antitumour agents.
MATERIALS AND METHODS
Cell lines and in vitro drug screening. The PER-403 cell line was developed in our laboratory from the first reported case of a patient with a t(15;19)(q14;p13.1) translocation (Kees et al, 1991) , diagnosed at Princess Margaret Hospital, Perth, Western Australia. Following a retrospective review of poorly differentiated paediatric carcinomas of the midline at Princess Margaret Hospital over the last 20 years we have been able to derive two more cell lines (PER-624 and PER-704) positively identified as NMC (Table 1) . Each of these three lines carries a BRD4-NUT translocation as confirmed by RT-PCR, transcriptome sequencing, and immunoblot, although they vary in regard to exact BRD4 breakpoint position (ThompsonWicking et al, 2013) . From a paediatric patient with a high-grade poorly differentiated abdominal carcinoma, we developed the non-NMC cell line PER-535 (Table 1 ; translocation status confirmed by cytogenetics, immunohistochemistry, and transcriptome sequencing). Cell lines were derived using previously reported methodology (Kees et al, 1991) , with approval from the Ethics Committee of the Princess Margaret Hospital for Children, and written informed patient consent. PER-535 and SAOS-2 (a human osteosarcoma cell line from the American Type Culture Collection, ATCC, Manassas, VA, USA) were included in drug screening studies to compare the effect of the tested agents in non-NMC tumour lines. Cell lines were grown in RPMI-1640 medium supplemented with 2 mM L-glutamine, 10 nM 2-mercaptoethanol, 10-20% fetal calf serum, non-essential amino acids, and sodium pyruvate.
Compounds representing either established or emerging anticancer agents (n ¼ 58) were identified from the Prestwick Chemical Library (Prestwick Chemical, Illkirch, France). To this list were added vincristine sulphate (Pfizer Australia Pty Ltd, West Ryde, NSW, Australia), the bromodomain inhibitor JQ1 (Dana Faber Cancer Institute, Boston, MA, USA) and flavopiridol (FP; Selleck Chemicals, Houston, TX, USA). Platinum-based drugs (e.g., cisplatin and carboplatin) that are inactivated by DMSO, and the alkylating agents cyclophosphamide and ifosfamide that require activation by liver enzymes, were not included in the screen. Cells in log-phase growth were seeded in 96-well assayready plates using a Multidrop 384 (Thermo Scientific, Waltham, MA, USA) and incubated for 4 days at 37 1C in the presence of the indicated drug or vehicle (DMSO). Library screening to identify lead compounds was performed at a fixed dose of 10 mM, with IC50 values subsequently determined in independent experiments. Response to drug treatment was determined using the Alamar Blue assay according to standard protocols. Briefly, Alamar Blue reagent (10% v/v) was dispensed to assay plates using a Multidrop Combi (Thermo Scientific) and following a 6-h incubation at 37 1C metabolic activity was determined by measurement of fluorescence intensity (ex 555 nm, em 585 nm) using a SpectraMax M5 plate reader (Molecular Devices, Sunnyvale, CA, USA). Percentage cell viability was calculated relative to positive and negative (vehicle only) controls.
NMC xenografts and treatment. Subcutaneous flank engraftments in immunocompromised mice were performed as previously described (White et al, 2001) . Briefly, cells (1 Â 10 6 ) in log-phase growth were resuspended in a 1 : 1 mixture of culture medium and Matrigel (BD Biosciences, San Jose, CA, USA) and subcutaneously injected into the flanks of 8-to 10-week-old female nude mice (Balb/c nu/nu) in a final volume of 100 ml (6-10 mice per treatment group). Tumour growth was measured daily using calipers, and volume calculated using the formula ((length Â width 2 )/2). Drug treatments began 1 week after engraftment (day 7), and mice were euthanised when tumours reached 1500 mm 3 or upon observation of adverse health. Treatment with FP (stock solution 1 mg ml À 1 , flavopiridol hydrochloride; Selleck Chemicals) or vehicle (5% dextrose solution) was by daily intraperitoneal (i.p.) injection (5 mg kg À 1 per day FP or vehicle) for five consecutive days (Mon-Fri), repeated over 4 weeks. Vincristine sulphate (Pfizer Australia Pty Ltd) or vehicle (PBS) was administered at Tumour analyses. For immunohistochemistry, harvested tumour tissue was fixed in 10% neutral-buffered formalin. Following rehydration, heat-mediated antigen retrieval, peroxidase quenching and blocking, 4 mm paraffin sections were stained for NUT (C52B1 antibody; Cell Signaling Technology, Boston, MA, USA) or cytokeratin (AE1/3 antibody; Dako, Carpinteria, CA, USA), and counterstained with Carazzi's Haematoxylin. For detection of the expression of the BRD4-NUT fusion by RT-PCR, primers were targeted to exon 7 of NUT, a gene that is not normally expressed outside the testis. RNA was extracted from snap-frozen tumour tissue (TRIzol; Invitrogen, Mulgrave, VIC, Australia), purified (Rneasy Mini RNA extraction Kit; Qiagen, Valencia, CA, USA), reverse transcribed (SuperScript VILO cDNA Synthesis Kit; Qiagen), and amplified using Q5 High-Fidelity DNA Polymerase (New England BioLabs Inc., Ipswich, MA, USA). Primer sequences were 3 0 -GGGAACCAGGAATGCCATA-5 0 and 3 0 -GCTCTCTGG CTGCCCTGA-5 0 .
RESULTS

Drug class comparison in NMC cell lines.
Using three NMC cell lines established in our laboratory, we assessed the relative cytotoxicity of 61 anticancer compounds representing 17 distinct drug classes, at a fixed dose of 10 mM ( Figure 1A ). We performed unsupervised hierarchical clustering on viability to identify patterns of response among the drug classes. From this, we identified a distinct group of drug classes associated with strong cytotoxicity in at least two of the three cell lines (in particular, the anthracyclines, microtubule inhibitors, topoisomerase inhibitors, several of the antimetabolites, and the CDK9 inhibitor FP), as well as a group of drugs with intermediate cytotoxicity or variable responses between the lines (e.g., the statins, the other antimetabolites, and the bromodomain inhibitor JQ1). The EGFR inhibitors yielded significant cytotoxic responses in only PER-624, suggesting that there may be alterations to this signalling pathway in this particular cell line. Approximately half of the tested compounds had little to no cytotoxicity at this 10 mM dose (including the steroids, steroid-receptor antagonists, aromatase inhibitors, AMPK agonists, inhibitors of fatty acid metabolism, and VEGF inhibitors).
We averaged the effect of drugs within their classes to derive a ranking of the relative efficacy of each drug class against NMC cell lines ( Figure 1B ). Flavopiridol was one of the most effective drugs at this 10 mM dose, along with the anthracyclines, topoisomerase inhibitors, and microtubule inhibitors. The statins and antimetabolites demonstrated intermediate responses, along with the histone deacetylase inhibitor vorinostat and the bromodomain inhibitor JQ1. Given its targeted mechanism of action it was initially surprising that JQ1 did not rank higher, however, subsequent dose-response testing revealed that its efficacy was dramatically different between the three NMC cell lines ( Figure 1C ; IC50 values 3.6 nM PER-403, 266 nM PER-704, and 11 mM PER-624). PER-403 carries a different BRD4-NUT breakpoint (involving exon 11 of BRD4) to PER-624 and PER-704 (both involving exon 15 of BRD4; Thompson-Wicking et al, 2013) and it is possible that this difference affects drug efficacy. However, there are likely to be additional biological or genomic differences between these lines that contribute to their pattern of drug sensitivity and the exact reason for the differential in their responses remains to be determined.
From each of the top drug classes in Figure 1B , we selected compounds for further dose-response testing in NMC cell lines ( Figure 1D ). These were FP (a CDK9 inhibitor), daunorubicin (an anthracycline), vincristine (a microtubule inhibitor), simvastatin (a statin), vorinostat (a histone deacetylase inhibitor), and etoposide (a topoisomerase inhibitor). The mean IC50 of FP in NMC cell lines was 18.4±1.8 nM, two orders of magnitude lower than either etoposide (2.4 ± 2 mM) or vorinostat (1.6 ± 0.5 mM), agents that have both been previously used to treat NMC patients. Simvastatin, a drug that is not traditionally thought of as an anticancer agent, demonstrated similar efficacy to etoposide and vorinostat (IC50 2.7 ± 0.8 mM). Overall, the FP IC50 in NMC lines was most comparable to vincristine (3.5±0.7 nM) and daunorubicin (32 ± 23 nM), conventional chemotherapeutic agents that, like etoposide and vorinostat, have previously been used in the treatment of NMC. The averaged JQ1 response across the three cell lines (mean IC50 3.8 ± 3.6 mM) is indicated on this graph for reference, noting that the IC50 for JQ1 in PER-403 (3.6 nM) was comparable to that of vincristine.
We then compared these responses with those of two non-NMC cell lines, PER-535 and SAOS-2 (Figure 2A ). The IC50 for FP was consistently lower in NMC vs non-NMC lines (Po0.001, multiple testing corrected unpaired t-test). Although this panel is too small to draw definitive conclusions, the differential in response suggests there could be a selective benefit of the drug in NMC. Responses to FP were very reproducible ( Figure 2B ) with cytotoxicity occurring within a remarkably tight dose range, an observation we have also made when using this drug in other cancers (Beesley et al, 2007) . The IC50 profiles of the drugs across the five cell lines are provided as a heatmap in Figure 2C , and dose-response curves for simvastatin, vincristine, etoposide, vorinostat, and JQ1 are provided in Figure 2D and Supplementary Figure S1A -D, respectively. Finally, we also tested the relative sensitivity of the five lines to g-irradiation, since wildtype BRD4 is known to functionally partner with p53 (Wu et al, 2013) and have a role in insulating chromatin from the effects of DNA damage (Floyd et al, 2013) , and NMC patients respond reasonably well to radiotherapy (Bauer et al, 2012) . Each cell line in log-phase growth was exposed to graded doses from 1 to 20 Gys and viability measured after 4 days. There was no consistent difference in response between NMC and non-NMC lines ( Figure 2E ). PER-403 was the most sensitive of the NMC lines to g-irradiation, with mean survival at the maximal dose ranging from 25% (PER-403) to 56% (PER-704). PER-403 therefore appears to have the greatest sensitivity of the three NMC lines to DNA damage induced by g-irradiation.
Establishment and treatment of NMC xenografts. To evaluate the most promising compounds in vivo, we established NMC xenografts. Engraftment of NMC cell lines into the flanks of nude mice generated tumours with different growth kinetics, with PER-624 and PER-403 xenografts reaching end point B20 days and 40 days, respectively, but with PER-704 showing significantly slower engraftment ( Figure 3A) . Histological analysis of PER-624 tumours revealed sheet-like tumour growth with interstitial hyaline and extensive necrosis. Tumours from PER-403 xenografts demonstrated broad, rather nodular growth with fibrous stoma and less necrosis (possibly linked to slower growth rate) resulting in firmer tumours than for PER-624. There was no evidence in either xenograft of spread to other organs. Tumour histology from both xenografts was poorly differentiated, with immunohistochemistry demonstrating the extensive speckled nuclear staining for NUT and the absence of cytokeratin (a marker for epithelial differentiation) that is the hallmark of NMC (Figure 4 , control tissues). In both cases tumour morphology and the pattern of NUT staining in xenograft-derived tumours were comparable to that of the primary patient tumours from which each of the NMC cell lines was derived ( Figure 5 ). To test the efficacy of FP against NMC in vivo, tumour growth and survival were assessed in mice xenografted with PER-624 and administered 5 mg kg À 1 per day FP in 20 injections over 4 weeks. This regimen significantly slowed in vivo tumour growth compared with vehicle-treated animals ( Figure 3B ), and prolonged survival (median 16 days vs 28 days respectively, Po0.005 log-rank test, Figure 3C ) without adverse toxicity. Immunohistochemistry revealed no discernable difference in either NUT or cytokeratin expression between tumours from treated or untreated animals ( Figure 4A ), indicating that the effect of FP was cytotoxic rather than via an effect on tumour differentiation. This study was repeated using PER-624 luciferase-labelled cells, designated as PER-624luc, to enable in vivo imaging of tumour growth. Supplementary Figure S2A shows the typical growth of PER-624luc tumours in vehicle and FP-treated animals, with no evidence of dissemination from the site of engraftment. As in the parental cell line, PER-624luc xenografts also demonstrated delayed tumour growth and prolonged survival in response to 5 mg kg À 1 per day FP (median survival 21 days vs 43.5 days in vehicle-treated controls, Po0.001 log-rank test; Supplementary Figure S2B ). These findings contrast with the PER-403 xenografts where we did not record a significant effect of FP treatment on tumour growth (Figure 3D ), despite the fact that the drug was equally cytotoxic against these two lines in vitro ( Figure 2B ). RT-PCR for NUT, indicative of expression of the BRD4-NUT fusion, was positive in tumours from both PER-403 and PER-624 xenografts at experiment end point (Supplementary Figure S3) . The reason for the dramatic differences in response to this drug between the two lines in vivo may be related to their different engraftment kinetics ( Figure 3A) , and thus a relationship between FP and tumour metabolism or rate of cell division. Since these two lines carry different BRD4-NUT translocations, there may be important differences in BRD4 and/or CDK9 signalling that relate to both growth pattern and FP sensitivity in an in vivo context. Alternatively, given the tight threshold for in vitro cytotoxicity of this drug ( Figure 2B ), it is conceivable that higher doses or a longer treatment schedule (beyond 4 weeks) is required to observe an effect of FP in the PER-403 xenograft.
To benchmark this result, we compared the in vivo efficacy of FP with vincristine, a drug that has often been used to treat NMC patients, and which was one of the most effective agents in our in vitro screen. Treatment with vincristine significantly slowed tumour growth in both PER-624 and PER-403 xenografts ( Figure 4E and F, respectively), but with the response being much more striking in the latter, with almost complete suppression of growth during the treatment phase. These tumours quickly expanded however once vincristine treatment ceased ( Figure 4F ), analogous to the clinic where NMC patients typically respond to initial therapy but quickly relapse. This is the first time that vincristine has been demonstrated to be effective in an in vivo model of the disease and our findings support its continued use in NMC patients. The contrasting pattern of sensitivity of these NMC lines to FP and vincristine in vivo reinforces the biological heterogeneity of this disease and the need for empirical testing of both novel and conventional agents.
DISCUSSION
Therapies that have historically been used to treat NMC patients include g-irradiation and varying combinations of vincristine, etoposide, daunorubicin, doxorubicin, cisplatin, docetaxel, dexamethasone, prednisolone, ifosfamide, and cyclophosphamide (Kees et al, 1991; Kubonishi et al, 1991; Engleson et al, 2006; Mertens et al, 2007; Fujioka et al, 2010; Bauer et al, 2012) . However, due to the rarity of NMC there has been no systematic preclinical or clinical assessment of these agents, and in contrast to the demonstrated benefit of surgical resection and radiotherapy, no chemotherapeutic regimen has as yet been associated with improved outcome in this disease (Bauer et al, 2012) . With this in mind it is imperative to establish the baseline efficacy of such compounds to interpret the potential benefit of alternative approaches. Using a high-throughput screening approach, we found that the microtubule inhibitors, anthracyclines, and certain topoisomerase inhibitors were particularly potent in NMC and such drug classes may therefore represent the best starting point for the future development of combination chemotherapy approaches. Such regimens are likely to include recently identified bromodomain and extra-terminal domain (BET) inhibitors, which directly bind BRD4 and other BET family members (Belkina and Denis, 2012; Prinjha et al, 2012) , and have been shown to have promising efficacy both in NMC (Filippakopoulos et al, 2010) and in a variety of other cancers (Dawson et al, 2011; Delmore et al, 2011; Zuber et al, 2011; Lockwood et al, 2012; Ott et al, 2012) . The first phase I clinical trial for use of the BET inhibitor GSK525762 (I-BET762) in NMC is currently open in the United States (Mirguet et al, 2013) and an international registry for NMC has recently been established to facilitate the recruitment of patients (www.nmcregistry.org). However, the results from the present study using the BET inhibitor JQ1 suggest that there may be a significant variability in the response to this drug class. Whether this is related to particular BRD4-NUT translocations remains to be determined, but if so, patients may ultimately need to be stratified for the most appropriate treatment. Interest in the histone deacetylase inhibitor vorinostat as a potential therapy for NMC has arisen through studies linking expression of the BRD4-NUT fusion protein with global changes in chromatin acetylation in NMC cells (Reynoird et al, 2010; Schwartz et al, 2011) . Early indications in mouse xenografts demonstrated promising efficacy of this compound in NMC, and in a single patient, vorinostat treatment resulted in dramatic disease regression before adverse toxicity limited its use (Schwartz et al, 2011) . Despite the biological rationale for vorinostat use in NMC, however, the IC50 of this compound in the present study was in the micromolar range, significantly higher than that of vincristine or daunorubicin. The efficacy of vorinostat was comparable to that observed with the HMGCoA-reductase inhibitor simvastatin, a drug that has gained attention in recent years for its potential anticancer properties along with other members of the statin family (Hindler et al, 2006; Han et al, 2011) . In large part, this is due to an increased awareness of the importance of altered sugar and lipid metabolism for tumour growth, the so-called Warburg phenotype (Beesley et al, 2009; Tennant et al, 2010) . Statins are FDA-approved agents associated with minimal toxicity and have been tested in a number of solid tumours and leukaemias (Hindler et al, 2006; Han et al, 2011) . While also less potent than vincristine and daunorubicin, simvastatin was at least comparable in efficacy to the topoisomerase inhibitor etoposide, which has a history of use in NMC therapy. Given its excellent safety profile and distinct mechanism of action from most other chemotherapeutics, it may be a candidate for inclusion in future combination approaches.
In our drug screen, we found that the CDK9 inhibitor FP was one of the most cytotoxic drugs against NMC cell lines in vitro, and were able to demonstrate significant in vivo responses in PER-624 xenografts, the first time to our knowledge that this agent has been evaluated in NMC. We observed no adverse toxicity from the use of this drug in vivo. Although both CDK9 and wild-type BRD4 are part of the positive transcription elongation factor complex P-TEFb (Jang et al, 2005; Dow et al, 2010; Schroder et al, 2012) , it is not currently known whether the oncogenic BRD4-NUT fusion protein expressed in NMC also interacts with the CDK9 complex (one of the primary targets of FP). Deregulation of this signalling pathway in NMC may potentially account for the efficacy of FP in NMC but the drug has a number of other biological effects that could contribute to its cytotoxicity (Newcomb, 2004; Mahoney et al, 2012) . There may be additional effects of FP (via CDK9) on wild-type BRD4 signalling from the non-translocated allele present in these cells. Failure to observe an effect of FP in PER-403 xenografts suggests that differences in BRD4-NUT translocation and growth in vivo are important determinants of response to this drug in NMC.
It should be noted that, in other cancers, problems in the use of FP has been related to dosing achievable in vivo. The most successful trials involving this drug as a single agent have been reported in patients with chronic lymphocytic leukaemia where bolus dosing schedules were developed to maximise free plasma concentrations of the drug, which has been shown to be highly protein bound (Byrd et al, 2007; Lin et al, 2009) . Pharmacokinetic data from phase I leukaemia trials using such schedules indicate that unbound FP plasma concentrations are approximately one tenth of total FP plasma levels and reach 141-168 nM (infusion/ bolus) at maximally tolerated doses, with side effects mainly related to tumour lysis syndrome (Karp et al, 2011) . In some studies, direct bolus administration of FP has achieved even higher plasma levels Luke et al, 2012) . On the basis of the IC50 for FP in the present study, the achievable plasma concentrations of unbound FP reported from these clinical trials would be expected to be effective against NMC tumours in vivo, as indeed was the case for PER-624. In other solid tumours encouraging responses have been reported from the use of FP in combination with irinotecan (Shah et al, 2005) , doxorubicin (Luke et al, 2012) , cisplatin (Bible et al, 2012) , and other agents (Rathkopf et al, 2009 ), although it is clear that the order in which these drugs are delivered in combination may be a critical factor for success (Shah et al, 2005; Karp et al, 2012; Luke et al, 2012) . Given that there is currently no effective treatment for NMC and the survival time is measured only in months (Bauer et al, 2012) , the favourable comparison of FP with several agents so far used in NMC patients, along with its demonstrated clinical tolerability, suggests that its use in this disease should be considered. Finally, our results support the continued use of vincristine, which significantly reduced tumour burden in both NMC xenografts, as an effective agent in the treatment of this disease. Wild-type BRD4 expression has been shown to be required for recovery from drug-induced mitotic stress (Nishiyama et al, 2006 (Nishiyama et al, , 2012 , providing a biological rationale for the sensitivity of NMC cells to antimicrotubule agents since they are typically haploinsufficient for wild-type BRD4.
It is clear however that while vincristine significantly slowed tumour growth in these models, it was not sufficient to prevent tumour re-emergence, which is the ultimate clinical challenge for such patients. With the establishment of this model we now have the opportunity to formally assess drugs and novel combinations in vivo for their effectiveness in NMC and their potential to prevent disease recurrence.
